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I. PROJECT GOALS

: An understanding of the mechanisms of the erosion of metal surfaces

/ in hot flowing media is important in assessing methods of lessening the effects

; !
g of wear and erosion upon the performance of large caliber gun tubes. The §
g overall mechanisms of erosion are extremely complex including hydrodynamic E
; flow, chemical reactions, and diract erosion by macroscopic particles. }
5 Recent experimental studies1 indicate that chemical processes may be ;

1

5 important in these mechanisms. In this report we present the results of
theoretical studies of the microscopic mechanism of chemical erosion which

areaimed at assessing the importance of such processes under the physical 3

conditions found in gun tubes.

We consider two broad possibilities of chemical erosion: (1) chemical

. heating of the surface causing local melting and subsequent removal of the

minbs T o

f ]' material by the flowing gas stream, and (2) dirsct chemical erosion in which

gaseous species attack surface atoms forming volatile chemical species

x>
A

leading to removal of the surface atoms. By chemical heating of the surface
we mean heat input irto the surface from chemical processes occurring near
the surface. We therefore exclude simple convective heating from our

consideration although it is undoubtably important in the erosion process.

At least two distinct mechanisms of chemical heating can be

L dilthe: 2 e xn. A

i ‘ discerned: (1) heating from chemisorption and (2) heating from recombinatien
reactions. In the process of forming bonds between gaseous species and

the surface, energy can be released into the surface. For exanple, when 0y
3

chemisorbs on steel it releases 4.7 x 10 kd/kg-metal? When two reactive

5 . . R .
i species such as free radials recombine to form a single molecule heat can

; : be released into the surface.3
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i

Direct chemical reaction of gaseous species with the surface to
form a gas-phase species containing a metal atom is similar to the process
of chemisorption heating and the subsequent wipe-off of the metal atom by
the flowing gas. In both'cases the energy liberated from the formation
of a gas-metal bond is used to severe.the bending between the metal atom
and the remainder of the surface. The major difference is that in
direct chemical erosion the metal atom leaves the surface in a bound
complex with the gas atom. In direct chemical erosion a surface atom
is removed in a single collision event, whereas, in the heat and wipe-off
mechanism many collisions can heat the surface leading to the removal of
surface atoms.

In summary, the goals of this project were the investigation of
chemical mechanisms of hot gas erosion of metal surfaces using theoretical
techniques. In particular, the processes of interest are: (1) chemical heating
of metal surfaces and (2) direct chemical erosion of metal surfaces. These
studies were carried out for a variety of surface structures including
perfect crystal surfaces and also surfaces with defects such as steps,

kinks, and adatoms. We investigated the importance of the surface defects

in the processes mentioned above.
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IT. PROJECT ACCOMPLISHMENTS
A._ Summary.

A systematic technique for obtaining physical reasonable models of
, gas-surface interaction potentials was employed. A general computer model
has been developed to provide realistic, interaction potentials for chemical
reactions of gas species on a variety of surface structures.
In order to better understand the model interaction potentials a

computer program was developed to help probe and characterize the potertial

energy hypersurfaces. This enabled critical configurations such as equilibrium

geometries and saddle points to be located; the program also provided

4 -minimym energy pathways for reactions occurring on the metal surfaces.

=y

o f Classical trajectory studies were carried out for models of direct

; chemical reaction of gas phase species with surfaces and for atomic recombina-

e

tion reactions occurring on the surfaces. The atomic recombination studies

5

dealt with hydrogen and nitrogen atom recombination on Fe and Ta surfaces.

EaaGam 02

These studies showed that the heat inputed into the surface from the atomiz

i
recombination reaction can be a significant fraction of the total energy of |
;
i

o the heat release of the process.

e T T

B. Details.

In this work we studied interactions of atomic and diatomic gas
X species with surfaces. Of particular interest was the transfer of heat from

4 reacting gas species into the surface. Therefore, the model had to allow for

motion of the surface atoms as well as the gas-phase species. Such a model
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was developed and has been previously described.4’5 This model is semiempirical

and the parameters of the model were chosen to best reproduce experimental

A | data when it was available. An important feature of “r.s model is iis ability
to model surfaces with steps, kinks, adatoms, etc. .  her details of the

; surface fitting for particlar systems are presented in the technical section.
Direct chemical erosion of meta) surfaces can occur if sufficient

j energy from chemisorption of the gaseous species is transferred into breaking
. the bond between a metal atom and the rest of the surface. Surface atoms at
step-sites, kink-sites, or surface adatoms are bound more weakly to the
surface than surface atoms with their full compiiment of nearest neighbors.

Therefore, one might expect that direct chemical erosion of surface atoms at

step- or kink-sites may be more favorable than for surface atoms at perfect

crystal sites. However, we have run several thousand trajectories on surfaces

with various defects - i.e., step, kink, etc. - and have found no evidence

of direct chemical erosion.

3;:,!;-, TS T T A e

5 Studies of recombination heating of the solid by a Langmuir-

i; r Hinshelwood mechanism have been previously reported.6 We report here work
E' in which we have studied in detail recombination occurring by a Rideal

; mechanism. We have also examined the effects of steps and kinks upon the

5 heating of the surface. A surprising outcome of this study was the relative

insensitivity of the heating of the surfare upon parameters such as tempera-

4 ture of the solid and incident translational energy of the impringing atom.
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II1. TECHNICAL DISCUSSION

A._Modeling of the Potent®al Energy Surface.

The model potential used for the interaction of diatomic gas
species with solid surfaces is described in Appendix A. The potential VLEPS
is based upon the semiempirical London-Eyring-Polanyi-Sato (LEPS) description
of gas-solid bonding? The functional form is given in Equations 5-9 of
Appendix A. The parameters which must be specified are the dissociation
energy DPQ’ the Morse range parameters ¢pg’ the equijibrium geometry RPQ

and the Sato parameter APQ for the two body interactions between atoms P and

Q. P (and Q) can be A or B, one of the gas atoms, or one of the surface atoms.

This model is capable of describing the interaction of a diatomic mclecule
with a surface of moving atoms - the instananecus locations of the surface
atoms are used in evaluating the potential expres.ion - however, the total
potential enersy is the sum of VLEPS and the potential energy VLAT obtained
from displacements of the lattice from its equilibrium geometry. The lattice
potential was described by a modified Einstein model in which the potential
was given in terms of displacements of the atoms from their individual
equilibrium positions in a rigid lattice. Because we were interested in
describing situations in which large amouiits of energy can be transferred

to the surface we used an anharmonic potential, the Morse potential,

rather than the usual harmonic Einstein mode].8 In the following we
describe how the parameters of this model were determined. In all
cases the parametecrs were calculated so that the mcdels reproduced

experinental data when it was available.

L :
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Consider first the parameters for the lattice potential

-0, .d
[1-e AT 12 _p (1)

Viar = Dar LAT

where d is the displacement from the equilibrium lattice site location.
Girifalcc and weizer9 used the sum of two-body Morse potential between all
surface atoms to describe metal bonding. Using the results of their work
we obtained the parameters of the modified Einstein oscillators. From
Girifalco and Weizers work the total potential ¢ felt by one “test atom"
in the lattice was obtained by summing over the two-tody interactions between
the "test atom" and all other atoms in the lattice. The lattice was assumed
to be semi-infinite, that is the sums were over lattice positions with x and y
ranging from -« to = and z from 0 to -». In practice the sums were done
over a sufficient number of lattice sites to insure convergence. The "tast
atom" was taken to be in the top layer of the lattice; all other atoms in
the lower layers were fixed at their equilibrium lattice sites. The
lattice constant (a)was taken from Girifalco and weizer9 when available or
from Pea“son]oand we considered only 100 faces of the lattices. The locations
of the atoms in the top layer were relaxed from their lattice sites so that
the forces on the test atom vanished. A more physical model would also
include relaxation of the lower layers, however, since this effect was small
for the top layer and decreased for the lattice layers below the surfaces we
neglected it for all but the top layer. This determined the equilibrium
geometry and therefore the value of the potential at this location was the

negative of the energy recessary to remove the atom from the surface.

o L L N Ml o Y
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(This assumes the zero of energy for all the two-body potentials was at

addsdiiad

infinite separation of the atoms.) This defined DLAT and the range parameters

o AT was obtained from i

E : 2

1 2%
apar = [ ] (2)
LAT = = 2D a1 572

evaluated at the equilibrium geometry. The z direction was taken to be

LATwas the range parameter for motion

normal to the surface. In general, the range parameters for motion in

perpendicular to the surface, therefore,o

R T T T e
. il . cesinda e

tn s

the surface plane will be different than for out of the plane, but we did

not take this into account in our model.

Using the sum of pair potentials we assessed the effect of surface

defects (steps, kinks, etc.) upon the bonding of the metal atoms to the

surface, As surface atoms were removed, the "test atom" became less

tightly bound decreasing DLAT’ and also the equilibrium geometry and

range parameters for the test atom changed. We considered five types of

Y R )

surfaces: (1) a regular crystal surface (no defect), (2) a
simple step in which all the top layer atoms in the left half of the x-y
plane had been removed, (3) a kink in which all the top layer atoms in

all but the upper right quadrant of the x-y plane had been removed,

(4) an adatom next to a simple step, and (5) a lone adatom (removal of

all the top surface atoms except for the "test atom.")

d In Table I the atom-atom Morse parameters from Girifalco

st kol . e . e n BN ki mda

i and Weizer's work along with the lattice parameters for Fe, Ta, and Cr

surfaces are listed. In Tables II-IV we present our calculated equilibrium
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geometries and lattice potential parameters for these five surface defects
on Fe, Ta, and Cr surfaces. As the number of nearest neighbors decreas d
the bonding of the "test atom" also decreased. The sublimatic: energy

at zero temperature and pressure is a weighted average of the aissociation

energies for the difference surface sites of the lattice, therefore we

g expected our values of D ,. for the difference surface defects to bracket the
? experimental sublimation energy. For Fe and Cr the sutlimation energies

1

are 97 and 90 kcal/mol, respectively, and for Ta it is estimated from

the experimental values of Mo and W to be between 160.-and 200 kcal/mol.

We next consider the manner in which the parameters of the gas-

- .

surface interaction potential VLEPS were determined. In the 1imit that

the gas-phase atom A and B are well above the surface,vLEPS reduces to a

L Morse function with dissociation energy DAB’ range parameter %pg? and

equilibrium geometry RAB' These values were fit from experimental values

for H, and N 12 and for FeH we used a theoretical estimate.w’14

2 2’
'Values of these parameters are listed in Table V.

b o et

In the 1imit that one of the gas-phase atoms A is far removed

from the surface and the other B is on the surface, the potential equals

e g

2 - the adsorption energy of atom B on the surface. This was obtained by

surming the pair potential between the adscrbing atom and all of the

surface atom. The pair potential is a Morse function with dissociation

energy DBS’ range parameters Gpgs and equilibrium geometry RBS’ where S

) 9
N denotes a surface atom. 01ander‘5 has treated the adsorption of hydrogen atoms

on Fe and Ta surfaces of infinite lattices without surface defects.

et it A . - 3 el . A v
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The gas-surface Morse parameters for H on Cr and for N on all three metal

surfaces have been estimated.]6 The atom-atom Morse parameters for these

systems are presented in Table VI. The location of the adsorbing atom

The potential at this

3
i

was optimized such that the forces on it vanish.

jocation was the negative of the adsorption energy, and we also calculated
the frequency of the motion of the adsorbed atom normal to the surface.

These values are listed in Tables VII-XII for H on N adsorbing on three of

the surface types (no defect, step, and kink) for Fe, Ta, and Cr.
In our dynamical calculations it was impractical to use semi-

infinite surfaces, therefore, it was necessary to consider smali clusiars

of metal atoms, 30-46 atoms. In the sum of pairs model, if the number

ool el il el T R

of surface atoms was decreased the bonding of the adsorbed atom also

decreased. Therefore, we found it necessary to reoptimize the atom-atom

s s el o

interaction parameters so that the adsorption energy and vibrational
frequency of the adsorbed atom.would be the same as on the semi-infinite
surfaces. This was done by finding the values of DBS’ Gpgs and RBs that
would simultaneously give the correct equilibrium height above the surface,

adsorption energy,and vibrational frequency for the adsorbing atom. These
We found that different

ST rdiertii e oodae

parameters depend upon the size of the cluster.

g

cluster sizes were needed to properly describe the different dynamical

events - direct chemical reaction and recombination heating - and we

describe both below.

First consider the direct chemical reaction of a gas atom A

with a surface atom to form a gas-phase species in which A is bonded to

BRI it s it -

the metal atom. We treated the metal atom that was attacked as the

AT e L rey . AL e L p o Lhaa®r s e
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species B adsorbed to the surface. The parameters for the two-body
potential between B and the other surface atoms was just those given

by Girifalco and Weizer9 for the case of an semi-infinite lattice.

In our dynamical calculations we used a cluscer of 45 metal atoms plus

the atom B to represent the surfaces with no defects. For a surface with
no defects, twenty atoms were used in the top layer (a 5 x 5 grid with
atoms removed from the corner and the central atom replaced by atom B),

12 in the second layer (a 4 x 4 grid with atoms removed from the corners),

9 in the third layer (a 3 x 3 grid), and 4 is the fourth layer (a 2 x 2 grid).

The reoptimized atom-atom Morse parameter for this finite lattice are
presented in Table XIII for the five surface defects described above.
These parameters should be ccmpared with those in Table I for an estimate
of the effect of finite cluster size upon the Morse parameters.

In modeling the direct chemical erosion prccess we used the Morse
parameters for FeH listed in Table V and for H on the Fe surfacs vie used
the parameters given in Table XIV. The specificatinon ur the interaction
notential VLEPS is completed by selecting the Sato parameters. The Sato
parameters were varied to obtain the best qualitatively corvect description of the
adsorption of H on the Fe surface. We found that for all A's equal to
zero the adsorption energy on defect free Fe was 50 kcal/mol with an
equilibrium height of H above the surface of 3.6 G These numbers compare
well with the values in Table VII,

For describing recombination heating we used a cluster size of
30 atoms for the lattice with no surface defect. This cluster had 16

atoms in the top layer (a 4 x 4 grid), 9 atoms in the second layer

oA W e ot T bt e o o e & L e Pl it L
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(a 3 x 2 grid), 4 atoms in the third layer (a 2 x 2 grid) a~d finally a

single atom in the fourth layer. The reoptimized atom-atom Morse parameters

for H and N adsorbtion on Fe, Ta, and Cr are summarized in Tables XIV-XIX
for three types of surfaces - no defect, step, and kink. These should
be compared with those in Table VI to see the effect of finite cluster

size upon the potential parameters describing adsorbtion.

The Morse parameters used in VLEPS can be found in Tables V
and XIV-XIX. The specification of the interaction potential is completed
by selecting values for the Satc parameters. Because we had no guide for
their selection we used the values zero as in previous appHcations.5 We
performed a detailed study of the interaction potential used for the
Rideal recombination of H, on Fe. The adsorbed H was placed at a 4-fold
equilibrium site 3.13 a, above the top layer. The second H atom was
brought down directly over the adsorbed H and the adsorbed H was allowed
to relax to its equilibrium position and a local minimum in the potential
was found when the second H was 4.76 2, above the surface and the
adsorbed H was 2.45 a, above the surface. This local minimum was higher
in energy by only 0.4 kcal/mol than desorbed H2 far removed from the
surface. However, there is a 6.3 kcal/mol barrier to this desorption
process. The barrier to this process had its maximum when the desorbing

atoms were 6.63 and 5.14 kcal/mol above the surface.

B. Classical Trajectory Methods.

A1l of the trajectory calculations performed here were for
the general event in which a single atom ccllided with an adsorbed atom
and the desired outcome was a reactive event in which the adsorbed atom

and incident gas atom form a new bond and leave the surface. A




13

sufficiently large cluster of metal atoms was used to give a physically

: correct description of the interaction potential. Only a small number,

3 generally 4-8, of the surface atoms were allowed to move. The others

3 were fixed at their lattice site locations. A unique trajectory was
specified by selection of the “nitial position and momentum vectors

of the moving surface atoms, the adsorbed atom, and the incident atom.

A TS T e T
R i o

It was assumed that the surface and adsorbed atom are at thermal equilibrium

characterized by a temperature T. The momenta for these atoms were

selected from a Boltazmann distribution by importance samp]ing.]7 The

A

positions of these atoms were also selected from a Boltzmann distribution

but using Metropolis samph‘ng.18 The incident atom was started at an

arbitrary and large distance above the surface, generally 10 2y The

incident angle was specified and the x,y coordinates were chosen so that

ah undeflected straight 1ine trajectory would hit the surface at Xgr Yo

sl

The coordinates Xgr ¥, Were chosen randomly on a square of length equal to

the lattice parameter . The momentum vector was chosern along the incident

angle with magnitude equal to the specified initial translation energy
of the atom plus any potential attraction it may feel from the surface.
This potential term was evaluated by subtracting the value of the total
potential with the incident atom at its initial location from the total

potential with the incident atom moved infinitely far from the surface.

H _t:w‘:‘»“:"'-'cs.k?—-,rr,v._-w%&i: faln VR SRR ot Gl DA iy

Direct chemical erosion was modeled only for H incident upon Fe

TR

surfaces. In the gas-phase Fe-H is bound by about 60 kcal/mol and Fe
is bound to the metal surface by 74-128 kcal/mol depending upon whether

the Fe atom is in a smooth face of the lattice or at a surface defect site.
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Therefore the process of H pulling a Fe atom off the surface is uphill

in energy by 14-68 kcal/mel. The most energetically favorable situation
is for an H atom to attack an adatom on the surface. Even in this
situation the H atom must have about 14 kcal/mol (0.6 eV) of translational

energy to surmount the barrier to form FeH(g). At these relatively high

r translational energies the 1ight hydrogen atom is moving very rapidly
;3 making the prospects of it interacting strongly with a heavy Fe atom very
‘ low. From this kinematic argument it is not surprising that no evidence
was seen for direct chemical erosion with hydrogen. To further study
this problem we extended our model calculations to include collision of

E heavier incident atoms with more favorable mass ratios with the Fe.

The potential was still modeled using the hydrogen parameters, and only

the mass of the incident atom was changed so that we could assess whether
the nonreactivity of the Fe surface was due to this kinematic effect

or a more subtle effect from a combination of the potential surface

and structure of the surface. When we increased the mass of the incident
atom we still saw no evidence of direct chemical erosion and therefore

we believe that this mechanism will contribute negligibly to the hot-gas
erosion of Fe surfaces. Tantalum atoms are even more strorgly bound

to the surface than are Fe atoms and direct chemical reaction with Ta

atoms in the surface is energetically less favorable than with Fe surfaces.
i The surface structure, sublimation energy, and adsorption of hydrogen

11 is very similar for Fe and Cr, and, therefore, the same general conclusion

will hold for this surface also.
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We have performed detziled studies of recombination heating

by a Rideal mechanism for a subset of the gas-surface interactions we

have modeled. Hydrogen-atom recombination has been studied on defect

free a Fe surface, Nitrogen-atom recombination on Fe surfaces has

been studied for surfaces with no defects and surfaces with steps and

kinks for the two different sets of N-Fe Morse parameters. Nitrogen-atom

recombination on Ta surfaces has been studied for surfaces with no

defects and with steps. The atom recombination reactions of all of the

systems are exoergetic, that is they release energy; the net exoergicity

is the difference between the energy c¢f the new gas-phase diatomic bond

that is formed and the adsorption energy of the atom. The values of the

exoergicities for the various systems are given in Table XX. We were

interested in how much of the exoergicity can be deposited into the surface.
Because the nitrogen molecule forms a much stronger bond than the hydrogen
molecule, N-atom recombination is a better choice for studying the surface

heating. In fact, for hydrogen recombination on Ta surfaces the exocergicity

is only 6-10 kcal/mol depending upon the surface structure (i.e., step

or kinks, etc.). This is the reason that most of our detailed studies

are on N-atom recombination.
Although the recombination process is energetically favorable

for all of these systems, for some of the systems there is a more stable
intermediate complex - the adsorption of two atoms at different equilibrium

sites on the surfaces. This energy will be close to the sum of adsorption

for the two atom independent but slightly different because of their

interaction which is normally repulsive in our models. In all our
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models the diatomic dissociated upon adsorption. We found that for H2
on Fe and N2 on Fe using Morse parameter set (2), that two adsorbed
atoms were the most favorable geometry. For these systems the reaction
probabiTities are small on a short time scale, however, given a
sufficiently long time the probability increases that the two atoms
will recombine and Teave the surface. However, this then becomes a
Langmiur-Hinshelwood type mechanism which we exclude from our considera-
tion here. Work on this mechanism has been treated earh’er.6

A summary of our trajectory results are presented in Tables
XXI and XXII. As noted above the two systems H, on Fe and N, on Fe with
Morse parameter set 2 show small probabilities for a direct recombination
reaction, the primary event to occur is adsorption of the incident atom.
The estimate of energy transfer for these systems is crude because of
the small number of reactive events, nonetheless, the estimates are that
between 10% and 50% of the exoergicity is deposited into the surface.
For the other systems the statistics are much better. For N2 on Fe
using the Morse parameter set 1 and for normal incidence upon the surface,
the fraction of exoergicity deposited into the surface is about 24-33%,
independent of the incident energy, surface temperature, or surface
structure. For N2 on Ta using Morse parameter set 1 the fraction of
exoergicity deposited into the surface in the range 5-11% and again it
is independent of incident energy, surface temperature, or surface
structure. The trajectory results for gas atoms impringing on the
surface at an angle, see Table XXII, show a s1ight enhancement of the
fraction of energy transferred to the surface by the results are similar

to those from the calculation with normal incidence.

s it | - Chees

ity
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The major conclusion to be drawn from these studies are that
(1) atom-recombination heating of the surface can be quite important--up
to 40% of the bond energy of N, was found to be transferred to the Fe

surface and (2) energy transfer to the surface is more facile for Fe

? than for Ta surfaces. For systems in which the probability of the Rideal
mechanism is lTow recombination can still occur by a Langmiun-Hinshelwood
mechanism. For this type of system we expect heating of the surface to

be less important since a great deal of the new bond energy is used up

; in desorption from the surface. Ta is a heavier atom ard is more cohesive

! in a lattice than Fe. 'The heavy mass and tight bonding of Ta tend to

é make it Tess perturbed by the light gas atom and thus it adsorbs less energy.
\

A surprising outcome is that the surface defects had Tittle effect upon either

1 - the reaction probability PR or the energy transfer. However, this can be
) | viewed as an encouraging results since the simplier models of perfect

if } f' crystal surfaces with no defects give the right qualitative behavior.
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TABLE I. ATOM-ATOM MORSE PARAMETERS AND LATTICE
PARAMETERS FOR THREE METAL SURFACES

Metal D%(kca]/mol) aa(ao'1) rﬁ(ao) ad(ao)

i Al e+ kil

Fe 9.63 0.735 5,38 5.42
Ta® 21.50 0.731 5.97 6.25
Cr 10.18 0.832 5.20 5.44

i e T i

@ Morse dissociation energy.
\ b Morse range parameter.

¢ '  Morse equilibrium geometry.
d Lattice ﬁarameter.

€ These values were estimated from the results for
M0 and W of Reference 9 (see Reference 15 ).

TABLE II. LATTICE POTENTIAL PARAMETERS FOR FIVE
SURFACES OF Fe

Equilibrium Geometry? Lattice Potential Paramatersb

. .C -1
Defect x(ao) y(ao) z(ao) DLAT(kca1/m01) aLAT(a0 )
none 0.0 0.0 0.474 127.9 0.368
step 0.128 0.0 0.482 111.0 0.390
kink 0.128 0.022 0.482 101.1 0.408 i
adatom-step 0.128 0.C 0.482 91.1 0.429 '
adatom 0.0 0.0 0.474 73.8 0.473
? The equilibrium geometry is given as the displacement from the

unrelaxed lattice site. The z-axis is normal to the surface.
b See Equation (1). ;

C The defects are discussed in Section III.A.
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TABLE III. LATTICE POTENTIAL PARAMETERS FOR FIVE §
SURFACES OF Ta.

Equilibrium Geometrya Lattice Potential Parameter‘sb :

s ~4C =T
Defect x(ao) y(ao) z(ao) DLAT(kcal/mol) “LAT(ao ) ;
1
none 0.0 0.0 0.412 245.7 0.364 i
step 0.174 0.0 0.427 214.9 0.383 .3
4
kink 0.132 0.132 C.430 188.6 0.401 i
adatom-kink  0.174 0.0 0.428 172.6 0.423 i
adatom 0.0 0.0 0.412 140.1 0.464 y
2 The equilibrium geometry is given as the displacement from the j
unrelaxed latiice site. The z-axis is normal to the surface. :
b ee Equation _1). }

C The defects are discussed in Section III.A.

TABLE IV. LATTICE POTENTIAL PARAMETER FOR FIVE
SURFAZES OF Cr

L

Equilibrium Geometry® Lattice Potential Parametersb i

c ‘ -1 .

Defect x(ao) y(ao) z(a,) DLAT(kca1/m01) aLAT(ao ) 1 i

none 2.0 0.0 0.353 117.3 0.414 ]

step 0.152 0.0 0.366 102.6 0.436 L
kink 0.115  0.115  0.368 90.1 0.461 o
adatom-kink  0.152 0.0 0.366 82.5 0.481 .
adatom 0.0 0.0 0.353 67.0 0.527 :

i
{
g
B
B .

? The equilibrium geometry is given as the displacement from the
unrelaxed lattice site, The z-axis is normal to the surface.
See Equation (1).

€ The defects are discussed in Section III.A.

b
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i TABLE V. ATOM-ATOM MORSE PARAMETERS FOR
il GAS PHASE DIATOMICS
¥ _ Morse Parameters
b -1
- AB DAB(kcal/mol) aAB(a0 ) RAB(ao)
)
i H,? 109.0 1.044 1.401
: Ny 228.4 .42 2.07
k
: FeHP 60.1 0.74 2.82

3 peference 12.

b Estimated from References 13 and 14.

TABLE VI. ATOM-ATOM MORSE PARAMETERS FOR GAS-ATOM a
INTERACTIONS WITH SEMI-INFINITE SURFACES

~'~\.Wr'v::'-s-—-g c e

Morse Morse Parameters
Parameter -1
B Metal Gas Atom B . Set DBS(kca1/m01) aBS(a° ) RBS(ac)
gi Fe H 4.60 0.488 6.07
3 Fe® N (1) 6.80 0.550 6.75
E . (2) 7.55 0.470 6.40 i
A Ta 17.0 0.841 4.69 :
3 Ta© (1) 17.0 0.841 4.69 ;
X (2) 15.58 0.580 6.25 |
3 er H (1) 5.20 0.495 6.05 3
: (2) 6.72 0.564 6.41 ; :
g crC N (1) 7.40 0.545 6.85 -
/ (2) 7.76 0.462 6.56 B
] 3 For those cases with two entries the values presented cover a range
% of the estimates for the parameters,
b Reference 15.
C Estimated.
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TABLE VII. HYDRCGEN ADSORPTION ON SEMI-INFINITE
SURFACES OF Fe.

Vibrational
Cyihes a Frequency
b Equilibrium Geometry Adsorption Energy  Normal to_?urface
Defect x(ao) y(ao) z(ao) (kcaT/moT) {em™ ")
none 2.7 2.71 3.60 66.7 690
step 3.1 2.71 3.78 61.0 694
kink 3.05 3.05 3.87 56.4 688

8 The originwas located at a lattice site in the top layer of an unrelaxed
lattice. The calculations wereperformed with the top layer of the surface
in its relaxed geometry.

b The defects are discussed in Section III.A.

TABLE VIII. HYDROGEN ADSORPTION ON SEMI-INFINITE
SURFACES OF Ta.

Vibrational
v a Frequency
b Equilibrium Geometry Adsorption Energy Normal to Surfacc
Defect x(a,) y(a,) 2(a,) (kcal/moT) (em-1)
none 3.12 3.12 1.39 103.7 1219
step 3.23 3.12 1.45 101.5 1128
kink 3.20 3.20 1.50 99.8 1075

2 The origin was Tocated at a lattice site in the top layer of an unrelaxed

lattice. The calculations wereperformed with the top layer of the surface

in its relaxed geometry. o
b The defects are discussed in Section III.A. :gj
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TABLE IX. HYDROGEN ADSORPTION ON SEMI-INFINITE SURFACES OF Cr

Vibrational
Morse Adsorption Frequency
b Parameter Equilibrium Geometryd Ener Normal to Surface
Defect”  SetC x{ag)  ylag) z(ap) cal/moT) (cm=T)
none (1) 2.72 2.72 3.50 74.0 746
(2) 2.72 2.72 4.50 75.0 996
step (1) 3.00 2.72 3.59 68.4 736
(2) 3.03 2.72 4.58 69.5 978
defect (1) 2.99 2.99 3.67 63.5 728
(2) 3.02 3.02 4.65 64.8 961

a The originwas Jocated at a lattice site in the top Tayer of an unrelaxed
lattice. The calculations were performed with the top layer of the surface
in its relaxed geometry.

b The defects are discussed in Section III.A.

€ The parameter set used in these calculations were those given in Table VI.
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?' TABLE X. NITROGEN ADSORPTION ON SEMI-INFINITE
t SURFACES OF Fe

. Vibrational
: Morse : 2 Adsorption Frequency
) Parameter Equilibrium Geometry Ener Normal to Surface
" Defect? Set¢ x{ag)  ylag) z(ag) (kcal/moT) (em=1) i
none (1) 2.7 2.71 5.03 79.7 279 :
(2) 2.1 2.71 3.97 119.7 254 é
step (1) 3.14 2.7 5.10 73.6 273 i
(2) 3.1 271 4,07 109.9 251 |
kink (1) 3.12 3.12 5.17 68.1 257 f j
(2) 3.09 3.09 4.16 101.4 248 -

prs—<ri

2 The origin was located at a lattice site in the top layer of an unrelaxed
lattice. The calculationswere performed with the top layer of the surface
in 1ts relaxed geometry.

The defects are discussed in Section III.A.

¢ The par eter set used in these calculations were those given in Table VI,

b
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TABLE XI. NITROGEN ADSORPTION ON SEMI-INFINITE SUKFACES OF Ta.

Vibrational
Morse a Adsorption \ Fl{e%uegcyf
Parameter Equilibrium Geometry Ener ormal to Surface
Defect? Setc x(ag)  ylag) z{ay) TEEET7%%T" {cm=T)
none (1) 3.12 3.12 1.10 140.1 275
(2) 3.12 3.12 1.3¢ 103.7 327
step (1) 3.28 3.12 1.14 134.1 257
(2) 3.23 3.12 1.45 101.5 303
kink (1) 3.25 3.25 1.18 129.0 244
(2) 3.20 3.20 1.50 99.8 2389

3 The origin was Tocated at a lattice site in the top layer of an unrelaxed
lattice. The calculations wereperformed with the top Tayer of the surface
in its relaxed geometry.

b The defects are discussed in Section III.A.

€ The parameter set used in these calculationswere those given in Table VI.
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TABLE XII.

NITROGEN ADSORPTION ON SEMI-INFINITE SURFACE OF Cr

26

Vibrational
Morse a Adsorption Frequency
Parameter Equilibrium Geometry Ener Normal to Surface
Defectb SetC x(ag)  yl(ag) z(ag,) (kcal/moT) (em=1)
none (1) 2.72 2.72 4.98 89.9 295
(2) 2.72 2.72 4.00 129.9 266
step (1) 3.17 2.72 5.08 82.8 289
(2) 3.17 2.72 4.11 119.0 262
kink (1) 3.15 3.15 5.15 76.6 283
(2) 3.14 3.14 4.20 109.7 259

? The origin wasJocated at a lattice site in the top layer of an unrelaxed
The calculations wereperformed with the top layer of the surface

lattice.

in its relaxed geometry.

b -the defects are discussed in Section III.A.
© The parameter set used in these calculaticas were those given in Table VI.
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TABLE XIII. Fe-Fe MORSE POTENTIAL PARAMETERS FOR

27

A FINITE CLUSTER OF Fe ATOMS

Atom in

Defect? Cluster DBS(kcal/mo1) “85(80-1) RBS(aO)
none 46 10.00 0.736 5.34
step 38 10.03 0.735 5.34
kink 33 10.06 0.735 5.34
adatomstep 34 10.09 0.734 5.34
adatom 26 10.14 0.731 5.35

3 pefects are discussed in Section III.A.
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TABLE XIV. ATQM-ATOM MORSE PARAMETERS FOR HYDROGEN ADSORPTION
ON FINITE Fe CLUSTERS?

Morse Parameters

b Atoms in 1
Defects Cluster DBs(kca1/mo1) aBs(ao ) RBS(ao)

none 30 5.75 0.478 5.86
step 26 5.74 0.481 5.91
kink 23 5.77 0.482 5.91

 The Morse parameters werecalculated so that the adsorption
energies and vibrational frequercies in Table VII were
reproduced for a finite cluster.

b The defects are discussed in Section III.A.

TABLE XV. ATOM-ATOM MORSE PARAMETERS FOR HYDROGEN ADSORPTION
ON FINITE Ta CLUSTERS2

Morse Parameters

b Atoms in =
Defect Cluster DBS(kca1/mo1) uBs(a0 ) RBs(ao)

none 30 17.14 0.841 4,68
step 26 17.12 0.841 4.68
kink 23 17.11 0.840 2.68

2 The Morse parameters were calculated so that the adsorption
energies and vibrational frequencies in Table VIII were
reproduced for a finite cluster.

b The defects are discussed in Section III.A.
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TABLE XVI. ATOM-ATOM MORSE PARAMETER FOR HYDROGEN ADSORPTION
ON FINITE Cr CLUSTERS?
Morse Morse Parameter
p Atom in  Parameter -7
Defects Cluster Setc DBs(kca1/mo1) aBS(aO ) RBS(ao)
none 30 (1) 6.44 0.486 5.86
(2) 7.70 0.559 6.31
step 26 (1) 6.47 0.484 5.82
(2) 7.71 © 0,557 6.28
kink 23 (1) 6.49 0.483 5.79
(2) 7.73 0.555 6.2
4 The Morse parameters werecalculated so that the adsorption
energies and vibrational frequencies in Table XI were
) reproduced for a finite cluster,
;f b The defects are discussed in Section III.A.
F: ¢ The parameters sets correspond to those used in Table VI,
1
v.:
b
1l
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TABLE XVII. ATOM-ATOM MORSE PARAMETERS FOR NITROGEN ADSORPTION
ON FINITE Fe CLUSTERSA

Morse Morse Parameter

b Atom in  Parameter

Defects Cluster Setc DBS(kcal/mo1) aBS(aO']) RBS(aO)
none 30 (1 7.92 0.545 6.64
(2) 9,79 0.461 6.16
step 26 (1) 7.96 0.544 6.60
(2) 9.87 0.460 6.12
kink 23 (1) 7.98 0.544 6.60
(2) 9.93 0.460 6.1

8 The Morse parameters were calculated so that the adsorption
energies and vibrational frequencies in Table X were
reproduced for a finite cluster.

P The defects are discussed in Section III.A.

C The parameters sets correspond to those used in Table VI,

.-




T TTRIIITEOTI TN T L0 T e T S T e ey NI T e T Yy i

31

TABLE XVIII. ATOM-ATOM MORSE PARAMETERS FOR NITROGEN ADSORPTION
ON FINITE Ta CLUSTERSA

Morse Morse Parameter

L o b Atom in  Parameter ~
E Defects Cluster Satc Dpg(keal/mol) aBs(aO ) RBs(ao)
none 30 (1) 16.76 0.579 4.89
U (2) 17.14 0.841 4.68
g step 26 (1) 16.66 0.577 4.89
‘ (2) 17.12 0.841 4.68

kink 23 (1) 16.59 0.576 4.90

(2) 17.11 0.840 4.68 %

2 The Morse parameters were calculated so that the adsorption
energies and vibrational frequencies in Table XI were
reproduced for a finite cluster.

b The defects are discussed in Section III.A.

€ The paramefers sets correspond to those used in Table VI,
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TABLE XIX. ATOM-ATOM MORSE PARAMETERS IN NITROGEN ADSORPTION
ON FINITE Cr CLUSTERS?
Morse - Morse Parameter
b Atom in  Parameter -7
Defects Cluster Setc DBS(kcal/mo1) aBS(ao ) RBS(ao)
none 30 (1) 8.68 0.539 6.73
(2) 10.26 0.453 6.30
step 26 (1) 8.72 0.538 6.70
(2) 10.31 0.451 6.26
' kink 23 (1) 8.72 0.536 6.68
i (2) 10.39 0.451 6.239
b % The Morse parameters were calculated so that the adsorption

energies and vibrational frequencies in Table XII were
reproduced for a finite cluster.

The defects are discussed in Section III.A.

C The parameters sets correspond to those used in Table VI.

b
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TABLE XXII. RESULTS OF TRAJECTORY CALCULATIONS FOR NITROGEN ATOM
RECOMBINATION ON Fe SURFACES FOR NON-NORMAL INCIDENCE

OF THE GAS ATOM2

Defect ET e ¢ PR AEg AES/AER
(kcal/mo1) (kcal/mol)
none 9.24 30° 180° .63 46 .31
9.24 30° 150° .85 57 .39
step 4,62 30° 180° .89 45 .29
kink 4.62 30° 180° .92 51 .32

2 an trajectories are for Morse parameter set (1) and a
surface temperature of 1500K.
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MODEL POTENTIAL FOR THE INTERACTION OF MOLECULES WITH AMORPHOUS SURFACES *

George D. PURVIS I snd George WOLKEN Jr,

Battelle, Columbus Laboratories, Columibus, Ohlo 43201, USA

Received 30 October 1978

Previous models for gas-surface interactions have utilized elther pairwise forces or seml-empirical potentlals formuluted
in terms of perfect two-dimensional su.fuces. Here, we combine the pairwise model with existing semi-empirical models,
tetaining the realistic chemical forees of the semi-emplrical model, but having direct applicabllity to surfuces with non.

perlodic structures,

1. Introduction

In a previous paper [1], we presented a model po-
teatial that has the appropriate characteristies for de-
scribing the reactions of diatomic molecules with sotld
surfaces, One of the primary objectives of this line of
research has been to model in a realistic way the dyn.
amics of chemical reactions occurring on and with solid
surfaces, For this end, a model potential must have
three properties: (1) It must be realistic, reproducing
the experimental binding energies, activation barriers,
etc., so far as they are known, (2) it must be Jexible,
capable of modelling a variety of different potentials
by the same overall procedure; and (3) it must be trac-
table, such that forces experienced by cach atom can
be rapidly computed and classical trajectory studies can
be performed. The London-Lyring- Polanyi-8ato
(LEPS) [2] seemed to meet these three criteria and
has been used as the starting point for a variety of
studies of heterogencous reaction dynamics [3].

While the original LEPS model treated the solid surfuce
as rigid (2], it was soon generalized to permit oscilla-
tions of the surface aloms [4], generalized Langevin
oscillutors [5], and reactions with the solid itself [1].
However, the model potential as implemented thus

far has only been used for surfaces with perfect two-
dimensionul symmetry (apart from local oscitlations

* This rescarch was sponsored by the U.S. Army Research
Otflee under Contract Number DAAG29-77-0047.
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or displacement from equillbrium lattice positions),
In this note, we polnt out that the LEPS potential can
be re-formulated in such a way that imperfect crystals
can be modelled keeping the same realism, flexibility,
and tractability that has been so useful in these recent
studies. There {s considerable evidence that many cat.
lystic reactions proceed on steps [6] and amorphous
metals have many interesting surface chemical proper.
ties [7]. Therefore, it is important to add ways to
study such systems to our arsenal of computational
procedures,

In this note, we alter the modified LEPS potential
function to atlow the treatment of non-rigid sucfaces
with arbitrary geometries. This could include genuinel
amorphous materials, polycrystulline samples with ste;
kinks, ete. The alteration Is strafghtforward, Previoush
[2] the interaction of one gas atom with the solid
surface was assumed to be a Morse function in the
direction perpendicular to the surface. The Morse

-parameters were sllowed to be perindic {unctions of
the X and Y distances over the surface. The values of
the parameters were fixed to those values which gave
agreement with known experimental or theoretical
values for binding encrgies of the fragment to the sur
face. We call this potential Qi rjodie,a Understanding
that it deseribes the interaction of a single atom (A)
with a solid suilace, periodic in X, Y. The final LEPS
model was given as a functional of Qpiriguie, A a0d the
potential describing the interaction of the two gas
atoms VA.B- Therefore, the LEPS formulation for the

t
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pcr'mdic surfuce is

Vpeciodic ™ F{Qperioic,n * Qoeriodiess Vap} - 8y
Cortection terms have been added unto this basic mod-
¢l potential to allow for motion of the surface atoms,
erusion, ete,, but they are not essendal Lo our present
discussion,

The present wodification replaces Qeyjgaie Witha
sum of pairwise forces between the gas atoms and eacl:
surface atom, but retains the tunctional dependense
in eq. (1), That is, il § denotes the set of atoms in the
solid, the usual pairwise model for atom—surface inter-
actions {s simply

Cpairwisn s ™ 24 @)

where g; 5 s the two-body force between solid atom §
and pas atom A, A fully pairwise description of the
interaction between diatomic molesuie AB and the
solid is then

Vostewise = Cpairwise, At Cpairwise,B Y Va,B - (3)
As discussed elsewhere (1], this {s not expected to be
satisfactory for many cases of interest, However, the
modification proposed here {s simply to use Qpa“wm
in eq. (1) in place of Qperyogic giving
Vnmoxphous'F{Qpn.inviso,A;quirwisc.B; VA.B} -4

Thus the entire LEPS formulation given previously
follows through chunging simply the torm of the under.
lying component interactions, The form of the potential
for diatomic AB on surface S is

Vigps= Uapt Ups+ Upg s
- [AiB+ (Aps* Ays)? = Aagldag* Aps) V2,
where
Yan ZU_?%L” {3 aap)exp (~204p(pp = Rap))
Ap)

~(2+64,p)exp [=ayp(rap = Rap)ll, (6)

Dap
AAB = -4—6"——“‘—"’. AAB) [(1 + SAAB) exp [—‘2“.‘\8("}\3 —RI\B)]
= (5+28,p) exp [~ glrap = Randl} 7
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X{(3+8,5)exp [~2ap,(ras = Rp )]

= (2+6Axg)exp [—ap (ra;— Ra)D ®)

!
Ars =TT+ 2pg) it P

X ((l+ 3AAS) exp [—ZQA((J’A[ - RAI)]
= (64 28p5)exp [~ag (rar~Rapl} ®)

and Dpg, dpg , and Rpg are the dissociation energy,
Morse parameter and equilibrium distance for the two-
body interaction between P and Q. Upg and Ayg are
derived from eqs. (8) ind (9) by substituting B

for A. Apg is the Suto parameter used to generate a
variety of surfaces. Only a change in the expressions
for the two-body atom-surface Coulomb and exchange
integrals has been vequired. The use of the pairwise
additive atom~solid potential as a single two-body
potential is consistent with the requirement (imposed
during the derivation of the modified LEPS potential)
[2] that the surface acts as an extended source of one
and two clectrons, as required, for bonding the Incident
fragments.

In fig. 1 we compare the periodic potential from ref.
[1] (fig. 3b) for 1, interacting with the (00" face of
iron with Vyarphous Obtained from conside ing the
interaction with a cluster of 33 Fe atoms (1ig. 2). The
pairwise forces g in eq. (2) have the form of Morse
potentials

qia = Do exp [—0nfrg) (rip —~ ro)l
XA{exp [~(m/rg) (riq — rgd)] = 2}, (10)

where' Dy = 4.6 keal, rg = 3.1 AL m = 2.96. We sev in

fig. 1 that the potentiols huve some differences quantita-
tively, but have the smime qualitative structure. That is,
there is an activation burrier 10 adsorption approximately
in agreement with experiment [1,8] and no molecular
adsorption is present, For large H—H sepurations, when
both atoms lie on the surface, there are some effects
from the finite size of the cluster and the neglect of
continuum contributions [9]. Also, the H4~Fe inter-
action more rapidly decreases for the cluster than for
the infinite surface as " recedes from the surface.
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Fig. 2. Thirty-three atom cluster representing the (001) tuce o q
L Lee Fe, An adsorbed atom at sites 1, 2, and § would be coor- i
dinated 1o one, two, or five iron atoms, respectively. The posic j
i tive Z axis is directed away from the surface and the origin of f
‘ coordinates s at the lattice site beneath a singly coordinated 1
(1CN) site,a = 5.12 au, i
‘, )
{ !
| The parameters used in eq. (10) are precisely those i
used by Olander in his model of H=Fe(001) {9]. i
¥ Vpu,,w,sc s shown.in fig. 3, produced fromeq. (3)
e using these potentials. As discussed in ref, {1], molec-
ular adsorption is not observed for H, + Fe(001) and
i is a distinct inadequacy of the pairwise nodel. ]
W '
(v‘? &00
B
?ﬁr 828
N
450
"’ azs
r Z| s Zz {a..) ?
‘ K]
§ Fig. 1, Equipotential contours (in eV) for the approach of Hy x 30
{i towards the fron surface. The H-H bond is parallel to the sue- &
y fuce, the bond midpoint is centered over a | CN site, and otiented 225
f\' in the direction of adjoining SCN sites (defined in fig. 2). This
[(" path leeds to the smallest barriers to adsorption as well as the 150
il most tightly bound adsorbed atoms. (1) Vpcriodic TTom eq. ’
; by ¥ RER
?,‘ S H()] amorphous from eq. 4) om
}, However, at present there is no way to determine from °
E‘. experiment which fit is preferable, so we forgo exten-
2 sive variation of parameters to produce a fully adjusted Fig. 3. Intetaction generated from Vpyirwise using #q. (35, The
:‘,j surface. othe, teiditions are the same as fig. L
{
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In conclusion, the substitution of a pairwise addi-
uve fragment—surface interuction potentiul for the
peviously-used periodic potential seems to yield a
uselul potential function for the study of gas—
smotphous surface interactions. It retains most of the
flexibitity of the previous model while providing cor-
tect functional forms for scveral new cases of interest
meluding amorphous solid structures, energy transfer
to the surface, and erosion,
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